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Ion textured surfaces have great potential as templates for the growth of epitaxial films for many applications, including high-temperature superconducting (HTS) tapes and photovoltaics. Epitaxial film growth on single crystal substrates offers one route to highly textured thin films, but such substrates are often costly and available only in limited size. Thus large-area technical substrates such as metal or glass are desired.
Empirical process design can then usually provide films with out-of-plane ("fiber") texture. The out-of-plane crystal texture mechanisms still are not completely understood, but surface energy, anisotropic film stress and surface atom mobility appear to be important. 1 How can in-plane alignment be achieved as well? The leading technique for achieving in-plane alignment is oblique ion beam assisted deposition (IBAD) [2] [3] [4] . In this process, the growing film is bombarded by oblique, low-energy ions as it is deposited from a vapor phase. However, the growth of YSZ films by this method, while now rather refined, 5 is a slow competitive growth process requiring the ion-texturing of a layer thousands of unit cells thick before complete crystallographic alignment is achieved.
As an alternative to IBAD growth of YSZ, we are exploring a simpler technique:
oblique ion bombardment after film deposition is complete. We term this method ITEX, short for Ion TEXturing. In this case, an amorphous film is a natural precursor layer, since it has no pre-existing polycrystalline texture to compete with texture formation initiated by ion bombardment. Here, it has been assumed that the YSZ film is fully dense, and has a refractive index of 2.1 13 . That is, the thickness is an optical value determined from the locations of the minima and maxima of the reflectance curve. Processing to 300 o C (at 5 min., Fig. 2 (b) )
yields an optical thickness of 520 nm, and heating to 500 o C (at 12 min., Fig. 2 (c) ) yields a fully oxidized film that is 780 nm thick. Complete oxidation all the way through to the Ni-Cr substrate is indicated by the higher reflectance maxima. It is clear from these data that, as the temperature is elevated, the precursor film is oxidized at a high rate. vs. 4 x 10 -4 torr). In this case, the thickness of the oxidized layer was only 370 nm and a small size of the reflectance oscillations indicated some optical absorptivity, presumably related to oxygen deficiency. Another comparison film was heated to 500 o C with the ion beam off. It was also incompletely oxidized, which suggests that ion-beam activation of oxygen assists the oxidation process. It is known, for example, that UV-ozone activation can assist with oxidation of zirconium, 14 and that below about 650 o C, unassisted oxygen uptake by YSZ can strongly limit the rate of oxygen diffusion. 15 The optical data demonstrate that for the standard runs the fully oxidized portion of the YSZ film can be modeled as a transparent layer that is gradually consuming the precursor film. The {211} <111> texture is present already in the 110 nm thick film, and
x-ray pole figures (not shown) indicate the presence of more textured material (larger peak intensities) in the thicker layers. Clearly, the film oxidation is an epitaxial solid phase growth process that replicates the ion-induced texture created near the surface of the film. The rate of oxygen diffusion from the free surface of the film to the reaction front may be the determining factor in the solid phase growth rate. The high film oxidation rate is a consequence of the fact that YSZ is an excellent oxygen ion conductor. 13 The velocity of the reaction front is higher at higher temperatures, which is consistent with the expectation of faster oxygen diffusion at higher temperatures.
Ion bombardment effects on crystalline texture are often interpreted in terms of ion channeling, 16 selective sputtering, 17 or selective ion damage 18 . It appears to us that some sort of ion "damage" mechanism is operative here. Ion channeling is an improbable process for 300 eV Ar ions, as the penetration range is only roughly 1-2 nm.
The pole figure data show that the ion beam does not align with a high symmetry direction in the ITEX YSZ, as would be expected with a channeling or selective sputtering process. What is clear is that during the room temperature bombardment the surface zone of the amorphous precursor film is strongly perturbed by ion impacts; and 6 that, as the temperature is raised, a crystalline layer grows down into the amorphous film from the perturbed surface zone.
The number of ion impacts per second at 5 mA is about 2.5 x 10 15 cm -2 sec -1 . Thus during bombardment each surface atom is struck about once per second. The relaxation processes after impact occur on a much faster time scale. Thus each ion impact is independent of the next except for the changes it imposes on the film nanostructure.
Since we are using ion bombardment times of minutes, each surface atomic position is impacted 100's of times, and the surface must gradually recede due to sputtering.
From a mesoscopic point of view, the effect of the ion bombardment is to cause an increase in the local film density due to knock-on atoms and some "plastic" shear flow of the surface region. There will be a compressive stress in the plane of the film that can assist the formation of crystal nuclei. The effect of film compression alone however is insufficient to account for the in-plane orientation of film crystallites. The oblique nature of the ion bombardment, however, will cause the knock-on atoms near the surface to flow preferentially along with the ion beam, thus establishing a preferred in-plane direction for crystallite formation. Since the surface zone experiences a shearing motion due to the ion impacts, the alignment process may have some similarities to the alignment due to shear in metallurgical processing.
Shearing of an amorphous metal can cause the formation of oriented crystallites in the shear bands that occur. [19] [20] [21] figure (Fig. 3) and analysis of AFM images. Other researchers have managed to deposit high-current YBCO films on tilted (single crystal) YSZ texture, 23 and we plan to accomplish this goal as well.
In summary, we produced fully textured YSZ {211} <111> films by oblique ion bombardment of an amorphous oxygen-deficient precursor film. Texture created near the 
